Complex neural circuitry requires stable connections formed by lengthy axons. To maintain these 21 functional circuits, fast transport delivers RNAs to distal axons where they undergo local translation.
Introduction

32
Sensory and motor neurons transmit signals through axons than can exceed a meter in length.
33
Therefore, many axonal functions, including axonal survival pathways, depend on proteins that are locally is reduced by approximately 50% in the absence of the C-terminal region of KLC1 ( Figure 3D-F 
154
Evidence that SFPQ binding to KIF5A/KLC1 requires concurrent binding to RNA, suggests that this 155 RBP may directly link RNA transport granules to kinesin motors, enabling these RNA granules to move 156 autonomously without a membranous platform. To develop novel tools for testing this possibility, we 157 sought to identify specific mutations in SFPQ that impair binding to kinesin. SFPQ contains a Y-acidic motif 158 that is evolutionary conserved and closely matches the Y-acidic sequence of JIP1 that connects supplement 1). When we mutated the critical tyrosine residue within the motif to alanine (Y527A) the 161 binding between SFPQ and KIF5A/KLC1 was dramatically reduced, demonstrating that this Y-acidic motif 162 is required for binding to KIF5A/KLC1 motor complex ( Figure 4B and 4C) . To assess whether SFPQ binds 163 directly to KLC1 without requiring a membranous organelle or an adaptor component, we purified human 164 KLC1 and used isothermal titration calorimetry (ITC) to test direct binding by a long SFPQ peptide that 165 spans the Y-acidic motif. The SFPQ peptide binds directly to KLC1 with a Kd of 3.8 ± 2.3 μM and a binding 166 stoichiometry of 1 ( Figure 4D and Table 1 ). Consistent with data from co-immunoprecipitation studies 167 above, Y527A mutation prevents the SFPQ peptide from binding directly to KLC1 in ITC assays ( Figure 4D ).
168
Thermodynamic parameters of ITC measurements are summarized in Table 1 . Together these data 169 demonstrate that SFPQ directly binds to KLC1 in a process that relies on the Y-acidic motif and is abrogated 170 by the Y527A mutation. These studies suggest that SFPQ RNA-transport granules might directly associate with microtubule-dependent motors rather than requiring a membrane platform for intracellular 172 transport.
174
Direct binding of SFPQ to KIF5A/KLC1 is required for its transport in axons.
175
The Y527A mutant of SFPQ provides a tool that can be used to ask whether the direct interaction 176 between SFPQ and kinesin motors is responsible for autonomous transport of SFPQ-RNA granules along 177 microtubules. Such a transport mechanism would contrast with previous models for transport of non-178 membrane enclosed granules, as RNA granules that contain b-actin mRNA "hitchhike" on membrane 179 platforms, and do not move autonomously (Liao et al., 2019) . To determine whether the direct binding of 180 SFPQ-RNA granules to kinesin mediates fast axonal transport, we expressed Halo-tagged WT or Y527A 181 SFPQ within DRG neurons grown in microfluidic chambers. In neurons expressing the Y527A mutant 182 (Video 2), the number of SFPQ particles localized to distal axons was reduced by ~50%, suggesting that 183 direct binding of SFPQ to KIF5A/KLC1 is required for the redistribution of SFPQ-granules from the cell 184 bodies to distal axons (Figure 5A and 5B) . Moreover, among the SFPQ granules that reached the axons, 185 the Y527A mutant SFPQ exhibited a ~50% reduction in the percentage of time spent in anterograde axonal 186 transport compared to WT (Figure 5C ). Since SFPQ forms a dimer, residual movement of Y527A may 187 reflect binding of KIF5A/KLC1 motors to dimeric SFPQ containing both endogenous WT SFPQ and the 188 fluorescent mutant isoform (Hewage, Caria, & Lee, 2019) . Together these data demonstrate that defects 189 in the direct binding of Y527A to KIF5A/KLC1 motor complex interrupts anterograde transport of RNA 190 granules in axons of DRG sensory neurons, suggesting that these RNA granules move autonomously and 191 do not require a membrane platform.
192
It is striking that the Y-acidic motifs in JIP1 and other proteins that link kinesins to membranous 193 organelles are usually located within highly accessible regions such as the carboxy terminus, while the Y-194 acidic motif in SFPQ is instead located within the highly structured coiled-coil domain. These structural differences suggest that SFPQ-RNA granules may interact with kinesin in a different manner than do 196 membranous organelles. Previous studies identified sequences within KLC1 that are not present in KLC2 197 and that specify binding to JIP1. One key residue in KLC1 is N343 within the TPR4 region of KLC1; mutation 198 of this residue to a serine, as observed in KLC2, abrogates interaction between JIP1 and KLC1 (Zhu et al., 199 2012) ( Figure 5-figure supplement 1A) . To determine whether N343 on KLC1 also mediates binding to 200 SFPQ, we expressed myc-tagged WT or N343S KLC1 together with HA-tagged SFPQ in HEK 293T cells. We 201 find that KLC1-N343S did not alter binding to SFPQ, in clear contrast to JIP1 (Figure 5-figure supplement 202 1B), suggesting that the way in which SFPQ-RNA granules bind to kinesin motors for transport differs from 203 that observed with JIP1.
205
Defect in KIF5A-driven transport of SFPQ leads to axon degeneration in DRG sensory neurons.
206
To determine the physiologic consequences of impeding SFPQ transport by KIF5A/KLC1, we 207 leveraged the SFPQ Y527A mutant (Figure 6A and 5). As shown previously, knockdown of SFPQ results in 208 axon degeneration . We then assessed the ability of constructs encoding either the WT SFPQ or SFPQ-
209
Y527A to reverse the degeneration caused by knockdown, using constructs resistant to shRNA knockdown 
216
Our data indicate that KIF5A/KLC1 functions as the motor transporting SFPQ-RNA granules within 217 DRG sensory neurons, and that this distinct transport process is required for axon survival. Thus, CMT2D 218 mutations of KIF5A may cause defects in this specialized transport pathway and so compromise axonal 219 health. Mutations causing HSP and CMT2D are located primarily within the motor domain of KIF5A; each 220 distinct mutation can give rise to HSP or CMT2D or a combination of both syndromes. Two independent 221 studies have reported a R280H mutation that results in a pure classical form of CMT2D ( Figure 6A ) ( 
230
To model axon degeneration induced by KIF5A mutation in R280H in vitro, we expressed the KIF5A 231 R280H mutation by lentivirus in DRG sensory neurons that also express the endogenous WT KIF5A. As 
237
Axon degeneration caused by CMT2D R280H KIF5A mutation can be rescued by a Bclw mimetic peptide.
238
KIF5A motors are involved in transport of mitochondria, vesicles, and other membrane enclosed 239 organelles as well as RNA granules; thus degeneration of axons caused by R280H KIF5A mutation could 240 be a consequence of defect in transport of any or all of these cargos. A similar pattern of axon 241 degeneration is observed in sensory neurons expressing the SFPQ Y527A mutant, suggesting that SFPQ-
242
RNA granules may represent a critical cargo impacted in CMT patients with KIF5A R280H mutations. Local translation of mRNAs bound to SFPQ is a critical step that promotes axon survival; bclw is one such mRNA 244 that is bound by SFPQ and is translated in axons of DRG sensory neurons ( Figure 7A ). We asked whether 245 restoring functions downstream of the SFPQ pathway can rescue degeneration caused by KIF5A R280H 246 mutant. Intriguingly, a BH4 peptide mimetic of Bclw introduced into axons of R280H KIF5A mutant can 247 prevent axon degeneration in this genetic model of CMT with axonal survival returning to the levels 248 observed in control or WT KIF5A overexpressing DRG neurons ( Figure 7B ). This effect is specific to Bclw 249 since introducing a peptide mimetic of related Bcl2 proteins did not prevent degeneration, and 250 degeneration remained at the level observed with the R280H mutant alone ( Figure 7C ). Taken together, 251 these data suggest that defective transport of SFP-RNA granules containing bclw mRNA represents a key 252 mechanism that underlies CMT2D-causing mutations of KIF5A, and so causes axon degeneration.
254
Discussion
255
Kinesins are a large family of microtubule-dependent motors that play a pivotal role in rapid 256 intracellular transport. These motors are particularly critical in neurons that form extensive axonal and 257 dendritic projections and so rely on fast transport across long distances. While mutations in kinesin motors 258 cause neurodegenerative diseases affecting primary sensory and motor neurons, it is not known whether 259 this reflects a requirement for specific kinesins in mediating transport of particular cargos within the 260 lengthy axons that extend to peripheral targets, or whether degeneration reflects a more global loss of 261 axonal transport. Here we show that the non-membrane enclosed RNA granules containing the RNA 262 binding protein SFPQ selectively and directly interact with kinesin containing the KIF5A heavy chain and 263 the cargo adaptor KLC1. Therefore, mutations in KIF5A that cause sensory neuropathy preferentially 264 impact motility of SFPQ granules that transport bclw and other mRNAs, and the degeneration caused by 265 KIF5A mutations can be prevented by a peptide that mimics the function of the locally translated protein 266 Bclw.
Although it is widely accepted that RNA-granules are non-membrane enclosed organelles that 268 move by microtubule-dependent transport, how such RNA-granules associate with motors and move 269 through the axoplasm is not yet known. Our data demonstrate a direct interaction between SFPQ and the 270 kinesin-1 cargo adaptor complex KLC1, and we show that this interaction is required for autonomous 271 axonal transport. In contrast to this direct transport system, a recent study by Liao et al. demonstrated 272 that RNA-granules containing b-actin mRNA rely on annexin A11 adaptor protein to hitchhike on 273 lysosomes and thereby regulate growth cone morphology (Liao et al., 2019) . As SFPQ does not bind b-274 actin but instead binds mRNAs that promote axonal survival , our findings indicate that distinct pools of 275 RNA-granules containing different mRNAs rely on divergent modes of axonal transport.
276
Data from quantitative mass spectrometry and isothermal titration calorimetry demonstrate that 277 SFPQ preferentially binds KLC1/KIF5A in DRG sensory neurons and that an evolutionarily conserved Y- 
302
Among the three KIF5 genes encoding the kinesin-1 family of motors, the KIF5A gene is the only 303 one associated with the human neurological diseases CMT2D, HSP and ALS. Our results demonstrate that 304 binding of SFPQ to KLC1 complexed with KIF5A rather than KIF5B or KIF5C enables transport of SFPQ-RNA 305 granules and promotes axon survival. Based on these findings, we postulate that defective transport of 306 SFPQ-RNA granules is a major contributor to KIF5A-associated neurodegenerative disorders, rather than 307 axon degeneration in these disorders being the result of a generalized impairment of transport. 
Material and Methods
339
358
The shRNAs against shSFPQ (TRCN0000102240), KIF5A (TRCN0000415243) and KIF5C (TRCN0000090857)
359
were purchased from Mission. 
379
Microfluidic device with 900 μm microgroove barrier XonaChip (XC900; Xona) was prepared for live cell 380 imaging following manufacturer's instructions except following the PBS washes for XonaPDL (Xona) 381 coating, the device was further incubated with 10 μg/mL of laminin (Life Technologies) for 3 hours at 37°C.
382
The device was then washed with PBS and primed with DRG neuron media until plating. In the cell body 
508
Mass Spectrometry: Antibody-conjugated protein G beads from KLC1 and SFPQ immunoprecipitates were 
523
The mass spectrometer was programmed to perform a combination of targeted (Parallel Reaction the reverse database were used to calculate a global false discovery rate and were discarded. Data were 542 further processed to remove peptide spectral matches (PSMs) to the forward database with an FDR 543 greater than 1.0%. Protein abundance for KLC1 and KLC2 (Fig. 1G) or KIF5A, KIF5B, KIF5C (Fig. 1H) of each KLC (Fig. 1G) or KIF5 (Fig. 1H) protein measured by the top3 quantitation method described above.
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Quantification and Statistical Analysis 
761
HEK 293T cells transfected with KLC1-Myc and with either WT FLAG-tagged KIF5A or the ΔTail mutant.
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Myc was IPed and blotted for FLAG and Myc. 
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(B) HEK 293T lysates transfected with HA-SFPQ, and with either Myc-tagged WT or N343S mutant of KLC1.
804
HA-SFPQ was IPed and blotted against HA and Myc. 
